The main sources of water vapour in a greenhouse are plant transpiration and the evaporation of water from soil (evapotranspiration). These processes are influenced by environmental factors such as solar radiation and water vapour pressure deficit, as shown by the Penman-Monteith equation. Most previous studies have been conducted in Northern countries and with soiless crops, which means that they only refer to transpiration. In Mediterranean greenhouses many crops are still grown on soil, so evaporation adds another component to the water vapour balance.
Measuring and Modelling Transpiration Versus Evapotranspiration of a Tomato Crop Grown on Soil in a Mediterranean Greenhouse

INTRODUCTION
Evapotranspiration of greenhouse crops is a very important tool for greenhouse climate control and irrigation management (Stanghellini, 1987; Yang et al., 1990; Jolliet and Bailey, 1992; Baille et al., 1994; Baptista et al., 2000; Rana and Katerji, 2000; Seginer, 2002) . Consequently, it has been studied by several authors and several models were published. Most of those models are based on the Penman-Monteith equation, being the transfer of the water vapour between the leaf and the air calculated as: where EVT is the evapotranspiration (mg m -2 s -1 ), e * leaf is the partial water vapour pressure at saturation at leaf temperature (Pa), e a is the air partial water vapour pressure (Pa), g a and g c are the aerodynamic and stomatal conductances (m s -1 ), LAI is the leaf area index and c is a constant (kg J -1 ), calculated as c= ρC p /γλ, with ρ the air density, C p the specific heat, γ the psychrometric constant and λ the latent heat of vaporization. Usually this equation is simplified by introducing the increase in leaf temperature due to solar radiation and by linearizing the relation between saturated water vapour pressure and temperature (Monteith, 1973) :
is the net radiative exchange between the canopy and the environment (W m -2 ) and VPD the vapour pressure deficit (kPa). Parameters α and β are determined as a function of the crop stage or the leaf area index. Vapour pressure deficit can be calculated as VPD = e* ia -e ia , where e* ia is the saturated vapour pressure at air temperature and e ia the actual vapour pressure of air, dependent of its temperature and humidity. In fact, the main sources of water vapour in a greenhouse are plant transpiration and the evaporation of water from soil (evapotranspiration), which is influenced by environmental factors such as solar radiation and water vapour pressure deficit. Most previous studies have been conducted in Northern countries and with soiless crops, which mean that they only refer to transpiration. In Mediterranean greenhouses many crops are still grown on soil, so evaporation adds another component to the water vapour balance.
The main objectives of this study was to measure the evapotranspiration (soil and crop) and transpiration (crop), of a tomato crop grown on soil using a lysimeter, to model EVT and TR as a function of the inside solar radiation and water vapour pressure deficit and to compare the measured data with the results of the predictions.
MATERIAL AND METHODS
Experimental Work
The experiments were carried out in an unheated plastic greenhouse located at the Instituto Superior de Agronomia in Lisbon (38º 42' N) between the end of February and the end of July 2000. The greenhouse had a floor area of 182 m 2 and the cover was made of a co-extruded three layer film (Triclair). The orientation was east-west and climate control was achieved by natural ventilation, with continuous apertures located on the side walls over the entire length of the greenhouse.
A tomato crop (cv. Zapata) was grown in twin rows directly in the soil and trained to a single stem. The plant density was 2.6 plants/m 2 and the growing techniques were the usual for greenhouse tomatoes in Portugal (Abreu and Meneses, 2000) . Trickle fertiirrigation tubes were located between each two rows of plants.
The equipment to measure inside environmental factors (dry and wet bulb temperatures, global radiation, PAR radiation, soil temperature, leaf temperature, greenhouse cover temperature and soil moisture content) was located in the greenhouse and the climatic variables (dry and wet bulb temperatures, global radiation, PAR radiation, wind speed) and soil temperature were measured with a weather station placed outside. Data about the evolution of the crop, such as plant growth, leaf area, flower production, fruit production, fruit weight and yield were also registered.
Air dry and wet bulb temperatures were measured every 10 minutes, using a ventilated psychrometer with PT100 sensors. Global and PAR radiations were measured every 10 seconds using a "P. Schenk" starpyranometers and "Skye Instruments" SKP210, respectively. Wind speed was recorded every 10 seconds by an anemometer. Soil temperatures were measured every 10 minutes by "Delta T Devices" thermistors. Leaf temperature was measured using infrared temperature thermometers, every minute. In order to compute evapotranspiration, a lysimeter with 1.0 m length, 0.8 m width and 0.4 m depth, was built and placed at the centre of the greenhouse. Inside the lysimeter four plants were planted (with the same plant density), and treated exactly as the rest of the plants in the greenhouse (Fig. 1a) . For the evaluation of transpiration the lysimeter was covered with plastic film to eliminate the evaporation from the soil. The drained water was discharged, through a buried pipe into a Rain-o-Matic rain gauge placed outside the greenhouse and protected from the external climate (Fig. 1b) . Soil moisture content was measured by using electronic tensiometers (two inside the lysimeter and two outside) every ten minutes, and water from the lysimeter was measured using the rain gauge. All data were averaged and registered on a hourly basis using a data logger system, from Delta -T Devices.
Data about water flow and duration of irrigation were registered to compute the quantity of water supplied to the lysimeter, which was the same amount supplied to the rest of the greenhouse.
Samples of soil were collected in different places inside the greenhouse to analyse physical and chemical properties. It was a clay loam soil, with bulk density of 1.28 g cm -3 and 1.3 % of organic matter.
Modelling
The methodology used to compute evapotranspiration and transpiration was: 1. To calculate the evapotranspiration and transpiration (measured) using an approach suggested by Jolliet (1999) and Rana and Katerji (2000) EVT measured = Ir -Dr -∆Smc
where Ir is the water supplied by the irrigation system, Dr the amount of water drained out of the greenhouse, and ∆Smc is the variation of the soil moisture content, all expressed in l m -2 (mm H 2 O). This approach assumes that the variation of water stored in the plants is negligible; 2. To relate EVT measured / TR measured with inside solar radiation (SR i ) and vapour pressure deficit (VPD = e* ia -e ia ). Expressions like EVT = α SR i + β VPD and TR = α SR i + β VPD were obtained using a statistical program (TableCurve 2D or TableCurve 3D), which permits the determination of α and β coefficients;
Relative humidity (RH) and vapour pressure deficit (VPD) were calculated using an algorithm based on dry and wet bulb temperatures, presented by Allen et al. (1994) ; 3. To validate the models using data recorded in different periods, than those used to build them; 4. To compare the obtained models for transpiration and evapotranspiration. Figure 2 shows variation of inside air and leaf temperature and air vapour pressure deficit determined as mentioned above, for the days used for modelling evapotranspiration. Air and leaf temperature are similar during the night, while during the day air temperature is higher than the leaf temperature. Maximum values for both occurred near solar noon and were 34.3 ºC and 26.6 ºC, respectively. This difference is explained by the high transpiration rate, associated with high solar radiation and an elevated vapour pressure deficit, which results in a decrease of the leaf temperature. These results are in agreement with those of Montero et al. (2001) . It can be seen that VPD reaches the higher values during the same period (max. 1.75 kPa), when air temperature is higher and relative humidity lower as the result of heat gain due to solar radiation.
RESULTS AND DISCUSSION
The measured evapotranspiration was analysed and related with the main influencing climatic factors (solar radiation and VPD). Figure 3 presents the fit between measured evapotranspiration versus solar radiation and the dependence between them, which is similar to the previous work of Baptista et al. (2000) . Table 1 shows the equations relating the measured evapotranspiration/transpiration (mg m -2 s -1 ) with the solar radiation inside the greenhouse above the crop (W m -2 ). The influence of VPD was not statistically significant and the equations obtained are only a function of the inside solar radiation. These equations were obtained analysing a range of data recorded during some days in May, with leaf area index (LAI) changing between 5.9 and 3.6, by linear regression. In the case of the EVT equation all the factors were statistically significant, by the t-test of Student, while for the TR equation the constant was not significant. However, it was included since it is well known that some transpiration occurs in absence of radiation. Both equations were validated for some different days in April and May. Figure 4a) show predicted versus measured evapotranspiration. It shows that predicted values are lower than measured. This could be explained by the strong dependence of solar radiation, which can lead to an error in the estimation. However, differences are acceptable considering that the model explains about 77 % of the results, and it is possible that the regression obtained underestimates the effect of the solar radiation. Other effects, as the air velocity and crop characteristics are not explained by the model and can lead to these differences.
In the Figure 4b ) is plotted the predicted transpiration versus predicted evapotranspiration and it shows a very good agreement between the two models, which indicate high similarity of the results. The determination coefficient is r 2 = 0.99, and the slope of the regression line lower than 1, indicating that the model EVT results in predictions slightly higher than the model TR, which was expected since EVT accounts also for soil evaporation. However the contribution of soil evaporation is very small. These results seem to indicate that EVT and TR are similar when trickle ferti-irrigation is used, which is in agreement with Jolliet (1999) , considering that only for the case of sprinkling irrigation the soil evaporation becomes an essential part of the water cycle. Seginer (2002) also refers that evaporation from soil is important only in the initial stage of crop growth and in general, under a full vegetative cover, evaporation from soil can be neglected. Table 2 presents inside solar radiation, evapotranspiration and transpiration in mm day -1 , obtained from measurements and predicted. The table shows that measured and predicted data are almost similar, being the values obtained by the model EVT slightly higher than those obtained with TR, as mentioned before.
CONCLUSIONS
The determination of the evapotranspiration and transpiration from a protected crop grown on soil in a typical non heated greenhouse was undertaken. Experimental data were collected and used to obtain the models, by linear regressions, based on the solar radiation received by the crop. The measured and predicted values are similar, indicating that the experimental data and model performance agree reasonably well. However, some more studies should be conducted to improve it, mainly by the introduction of other influencing factors. Comparison of both models agreed very well indicating that both can be used and that evaporation from soil is negligible under these conditions. 
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